ABSTRACT: Yeelimite, Ca 4 [Al 6 O 12 ]SO 4 , is outstanding as an aluminate sodalite, being the framework of these type of materials flexible and dependent on ion sizes and anion ordering/disordering. On the other hand, yeelimite is also important from an applied perspective as it is the most important phase in calcium sulfoaluminate cements. However, its crystal structure is not well studied. Here, we characterize the room temperature crystal structure of stoichiometric yeelimite through joint Rietveld refinement using neutron and X-ray powder diffraction data coupled with chemical soft-constraints. Our structural study shows that yeelimite has a lower symmetry than that of the previously-reported tetragonal system, which we establish to likely be the acentric orthorhombic space group Pcc2, with a √2a×√2a×a superstructure based on the cubic sodalite structure. Final unit cell values were a=13.0356(7) Å, b=13.0350(7) Å, and c=9.1677(2) Å. We determine several structures using density functional theory calculations, with the lowest energy structure being Pcc2 in agreement with our experimental result. Yeelimite undergoes a reversible phase transition to a higher-symmetry phase which has been characterized to occur at 470ºC by thermodiffractometry. The higher-symmetry phase is likely cubic or pseudo-cubic possessing an incommensurate superstructure, as suggested by our theoretical calculations which show a phase transition from an orthorhombic to a tetragonal structure. Our theoretical study also predicts a pressure-induced phase transition to a cubic structure of space group I43m. Finally, we show that our reported crystal structure of yeelimite enables better mineralogical phase analysis of commercial calcium sulfoaluminate cements, as shown by R F values for this phase, 6.9% and 4.8% for the previously published orthorhombic structure and for the one reported in this study, respectively.
INTRODUCTION
Sodalites of the general composition M 4 [T 6 O 12 ]X have been known for many years as both naturally-occurring minerals and as synthetic compounds. 1 This general formula refers to a structure that is (ideally) a body-centered cubic unit cell with a lattice parameter of 9 Å and where M is a relatively lowcharged cation such as Na, Ca, or Sr; T occupies tetrahedral sites(s) and is typically Si or Al; and X is an anion which is either spherical (in the case of Cl) or tetrahedral (in the case of SO 4 , WO 4 , and CrO 4 ). The archetype of this family of compounds is the mineral sodalite, with chemical formula Na 4 [Al 3 Si 3 O 12 ]Cl and crystallizing in the P43n space group with lattice parameter 8.88 Å and Z = 2. Partial replacement of chloride by sulphate and the concomitant (partial) replacement of sodium by calcium yields the mineral hauynite. 1 This cagecontaining framework allows a large degree of cation and anion substitution/variability that we do not discuss here but refer the interested reader instead to a recent review 2a dealing
with the stoichiometries and structures of this rich family of minerals and materials. A second review 2b deals with the symmetry relationships of compounds with sodalite framework, with more than 25 space groups being reported. Depending on the Si/Al ratio and the type of cage ions, different sodalite compounds can be produced with a range of interesting properties and features such as negative thermal expansion, 3 ferroelectric behavior, 4 F centers, 5 s-electron antiferromagnetism, 6 catalytic activity, 7 tunable electronic properties 8 and optical emission. 9 Sodalites with X=S n -deserves special attention as it is the basis of the deep blue ultramarine pigments based on lazurite. 10 Lapis lazuli being the rock mined as early as the 3rd millennium BC. The present work focuses on yeelimite, Ca 4 [Al 6 O 12 ]SO 4 , that can be described as a sodalite with M=Ca, T=Al and X= SO 4 , crystallizing as a tectoaluminosilicate sodalite structure. However, the fine details of the crystal structure of stoichiometric yeelimite at room temperature are controversial, as has been reported to be cubic 11 tetragonal 12 and orthorhombic 13 . In addition to the compositional variability, the flexible sodalite framework can accommodate relatively large strains, able to vary its volume via cooperative rotations or tilts of the TO 4 tetrahedra in order to match the size of the cage ions. Consequently, sodalites can have Si/Al ratios ranging from ∞, for a pure silica framework, 14 to zero, for a pure alumina one, like yeelimite. We note that in zeolite chemistry a Si/Al less than one violates the well-known Loewenstein rule, which forbids Al-O-Al connectivity. 15 Furthermore, yeelimite has the largest tetrahedral cage tiltangle determined so far for any aluminate sodalite. 11a The formation of stoichiometric Ca 4 [Al 6 O 12 ]SO 4 is reported to be difficult, due to CaSO 4 decomposition 16 , but can be prepared by firing a stoichiometric mixture of oxides and gypsum at 1300ºC. 17 Yeelimite has also been used as starting material for the in-situ preparation of sulfide, Ca 4 [Al 6 O 12 ]S, under reducing conditions. 18 A similar reaction allows to obtain Sr 4 [Al 6 O 12 ]Se from Sr 4 [Al 6 O 12 ]SeO 3 .
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Members of the aluminate sodalite family, with XO 4 anions, undergo reversible structural phase transitions at moderate temperatures. 20 The temperatures, crystal structure evolution, and associated enthalpies of the transitions have been reviewed. 21 The phase transitions are ferroic and occur at the boundary of the Brillouin zone, a fact that accounts for the formation of complicated superstructures and for frequentlyfound pseudomerohedral twinning. 22 Finally and to the best of our knowledge, there is no report dealing with atomistic simulations of pure-alumina sodalites. There are some theoretical works on Al/Si sodalites and we highlight that on Na 3 [Al 3 Si 3 O 12 ] where molecular simulation tools (empirical energy force field and quantum calculations) were used to study this sodalite with empty-anions cages. 23 Yeelimite is the most important phase in calcium sulfoaluminate cements (CSA), which are very promising environmentally-friendly materials, addressing the major concern of the cement industry's environmental impact through CO 2 emissions. On average, for every ton of ordinary Portland cement (OPC) produced, 0.97 tons of CO 2 are released into the atmosphere, with the cement industry contributing around 6% of all anthropogenic CO 2 emissions translating into approximately 4% of the planet's global warming. 24 By comparison, CSA cements are produced with significantly lower CO 2 emissions relative to OPC 25, 26 , achieved through the use of fewer carbonated raw-materials and a reduced clinkerization temperature. CSA cements are also relatively friable after firing and consequently require less energy to be ground. These new cements contain a different chemical composition to traditionally-used OPC products and are the subject of intense research as a reduction of 30-35% of CO 2 emissions may be attained. 25 During the 1970s, CSA cements were introduced into the Chinese market as a result of the high-performing and dimensionally-stable cementitious matrices developed by China Building Materials Academy. 27 In Europe, the use of CSA cements is limited by the lack of standards concerning special cements derived from nonPortland clinkers. Nevertheless, the manufacture of CSA cements has recently been started by several European companies. Moreover, interesting new CSA-related cements cements are being developed, such as dicalcium silicate (belite) sulfoaluminate cements, known as sulfobelite cements. 25, 28 Although CSA cements have variable compositions, all of them contain yeelimite, 29 Ca 4 [Al 6 O 12 ]SO 4 (also called Klein's salt), as their main phase. These cements usually contain other such as belite, tetracalcium aluminoferrate, anhydrite, gehlenite or mayenite. Commercial CSA cements have special properties such as early-age high-strength development 30, 31 . These cements can be used alone 32 or in combination with other cements to provide an improved early resistance, reduced shrinkage, high impermeability, and a strong resistance to sulfate attack, relative to their OPC counterparts. 33 Yeelimite is also included (~25 wt.%) in sulfobelite cements 26, 28, 34 which contain the main phase belite.
Hence, the structure of yeelimite is important from basic and applied research point of views. Therefore, the objective of this study is to firmly establish the crystal structure of yeelimite. This was achieved by joint Rietveld refinement using laboratory X-ray and neutron powder diffraction data in conjunction with chemical soft-constraints. Furthermore, the stability of this special zeolite framework, containing only aluminum at the tetrahedral sites, was also studied by atomistic simulation. Finally, the temperature-induced phase transition of yeelimite was characterized. the high-resolution powder diffractometer at the Open Pool Australian Light-water (OPAL) reactor facility at the Australian Nuclear Science and Technology Organisation (ANSTO, Australia) using a wavelength of 1.62092(8) Å determined using the NIST 660b standard reference material and 10 arc-minute secondary collimation. Data were collected over the angular range of 2.75 -140º (2θ) with a 0.05º step size in an approach that allowed at least 2 detectors to pass through the same angular (2θ) points resulting in an overall counting time of 9h. Data were intensity-corrected using local software. Rietveld analysis of LXRPD and NPD data. Rietveld structural and quantitative phase analyses were done using the GSAS suite of programs and the EXPGUI graphic interface.
EXPERIMENTAL SECTION
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Joint refinement using LXRPD and NPD data increases the probability of obtaining a unique and correct refinement solution. Further, the NPD and LXRPD data contain different contrast between elemental scattering lengths and factors, respectively. Notably, scattering from the oxygen contributes approximately 74% more to the NPD than the LXRPD data of yeelimite, which is of particular importance for the characterization of polyhedral tilting in the structure. Final global optimized parameters were: background coefficients, zero-shift error, cell parameters, and peak shape parameters using a pseudo-Voigt function corrected for axial divergence. The atomic positional coordinates and isotropic atomic displacement parameters (ADPs) of yeelimite were optimized in the structural study. To maintain chemically-reasonable geometries in the structure, i.e. aluminate and sulfate tetrahedra, 82 soft constraints were used. These included for the SO 4 
High Temperature LXRPD (HT-LXRPD).
HT-LXRPD studies were carried out in the diffractometer described for the LXRPD collection using an Anton Paar HTK1200 camera under static air. Data were collected over temperature intervals ranging between 20 and 50 ºC, from RT to 800 ºC after a delay of 15 min to ensure thermal equilibration. Data were acquired over the angular range 17 -45º (2θ) with a step size of 0.017º, resulting in a 49 minute acquisition time per pattern. A higher quality pattern was collected at 800 ºC in the angular range 5-100º (2θ) with a step size of 0.017º, resulting in a 6 h data collection time. The sample was then cooled to RT where a final RT pattern was acquired. Permittivity measurements. Electrical characterization was carried out on cylindrical pellets (~10 mm in diameter and ~1 mm thick) obtained by pressing ~0.1 g of sample at 5000 MPa. The pellets were sintered at 1300 ºC for 2 h after a heating rate of 5ºC/min. Electrodes were made by coating opposite pellet faces with METALOR ® 6082 platinum paste and heating to 800ºC at a rate of 5ºC/min for 15 min in air to decompose the paste and to harden the Pt residue. Impedance data were collected using a Hewlett-Packard 4284 A impedance analyzer over the frequency range 20 Hz -1 MHz from 300 to 700ºC at a heating rate of 10ºC/min. Differential scanning calorimetry (DSC). DSC data were recorded on a METTLER TOLEDO, model DSC 1, using a continuous flow of N 2 at 20 mL/min as protective gas. The sample was placed in a platinum crucible and heated from 30 to 700ºC with a heating rate of 10ºC/min, with the same rate for cooling. Atomistic calculations Density functional theory (DFT) calculations were performed on periodic crystal structures using SIESTA code. 37 Polarized double zeta numerical basis set for valence electrons and norm conserving pseudopotentials for atom cores were used. The exchangecorrelation functional is expanded within generalized gradient approximation (GGA) following Perdew-Burke-Ernzerhof scheme. 38 We employed a mesh cutoff of 400 Rydberg where the Brillouin zone integrations converge for a mesh of 4×4×4 k-points. The proposed structures were relaxed until the forces on atoms dropped below 0.02 eV/Å. Note that both the lattice parameters and inner atomic positions were simultaneously optimized.
Results and Discussion
Synthesis. The synthesis yielded a sample consisting of 90.3(1) wt.% stoichiometric yeelimite with minor amounts of three crystalline phases: 1.2 wt.% of Ca 3 12 with space group P4c2, was used as a starting model for the joint Rietveld refinement. However, the fits were poor even also when the atomic parameters were refined, leading us to abandon this symmetry choice. Table 1 gives the figures of merit obtained during the joint Rietveld analysis using this tetragonal structural description.
As the recorded pattern contains clearly split diffraction peaks, the cubic sodalite structure was not tested, with the orthorhombic structural description 13 which has a ≈ b unit cell parameters tested instead. Therefore, Table 1 also gives the starting and final (refined) figures of merit for the joint Rietveld refinements. Final Rietveld statistics details are given in Table S1 . Figure 1 shows the final LXRPD and NPD Rietveld plots using the orthorhombic structure. The structure reported by Calos et al. 13 , has space group Pcc2 with the asymmetric unit containing 29 fully occupied and crystallographically-independent sites: 4 Ca in general positions, 1 Si in a general position; 8 Al (4 in special and 4 in general positions), and 16 O in general positions. Despite the increased observations/refined parameters ratio gained through use of the joint refinement, chemically unrealistic interatomic distances were obtained in the initial result. The introduction of soft constraints, as detailed in the experimental section, resulted in the final refined unit cell parameters a=13.0356(7) Å, b=13.0350(7) Å, and c=9.1677(2) Å, yielding a cell volume of 1557.78(6) Å 3 . The isotropic ADPs were refined independently and these and other final refined atomic parameters are given in the supporting information (Table S2 ) along with relevant bond distances and angles (Table S3 ). The CIF file was also deposited. Theoretical study. Depending on the input structure, our DFT calculations resulted in simulation found different phases, the energy of which is plotted against cell volume in Figure 2 . When the initial structures were cubic 11a or orthorhombic (this work), the calculations converged to the corresponding cubic (I43m) and orthorhombic (Pcc2) structures, given in Table 2 . Energy minimization of the tetragonal P4c2 lattice proposed experimentally by Peixing et al., 12 resulted in convergence to the orthorhombic Pcc2 structure. Our calculated cubic and orthorhombic phases agree well with our experimental data, despite the relatively larger unit cell volumes obtained computationally, an expected result of the GGA-DFT approach. Because perfect cubic symmetry in yeelimite and related compounds is disputed, 21 we performed calculations for lattices with lower symmetry but of the size of the basic sodalite cell, including one tetragonal I4 and another monoclinic Cm space groups, ( Table 2 ). The CIF file for the four calculated structures are included in the supporting information. The phase stability was evaluated by comparing the difference between the energy and that of the ground-state phase, the orthorhombic structure (Table 2 ). The energies of several cell volumes around the equilibrium cell were obtained and fitted to the third-order Murnaghan equation of state. 40 The total energy as a function of the cell volume is shown in Figure 2 . The theoretical bulk moduli are also listed in Table 2 , which likely encourages further experimental studies of elastic properties in the phases of yeelimite. On the basis of the theoretical calculation results shown in Table 2 and Figure 2 , several conclusions regarding phase transitions of yeelimite can be drawn. Firstly, the most stable phase found was the orthorhombic Pcc2 structure, in agreement with our experimental results. The tetragonal I4 and monoclinic Cm phases are predicted to have similar stabilities, both being about 0.4 eV above that of the orthorhombic Pcc2 structure. The ideal cubic I43m structure is 1.6 eV less stable than the orthorhombic phase. As the curves in Figure 2 for the I43m and Pcc2 phases intersect, a pressure-induced transition of yeelimite from Pcc2 to I43m may occur. Similarly, the possibility for a phase transition from Pcc2 to I4 is also indicated, noting that the I4 tetragonal phase should not be confused with the previously-reported P4c2 structure. 12 On the basis of our theoretical study, we suggest that the P4c2 structural description is a poor representation of the groundstate Pcc2 structure. Notably, the I4 tetragonal structure has an expanded volume with respect to the Pcc2 phase. The lattice constants of the I4 phase are very close to the cubic one, with c ≈ a. Hence, the tetragonal I4 structure provides a good description of the experimentally-measured highertemperature phase containing a pseudocubic lattice. This observation is consistent with that of Depmeier, 41 who noticed that yeelimite-like sodalites are unlikely to have perfect cubic symmetry as a result of the tendency of the XO 4 anions to rotate with respect to the symmetry axis of cubic unit cell. The phase transitions occurring in yeelimite (Figure 3 ) can be qualitatively understood on the basis of Pauling rules. 42 The cubic structure is found to be unstable as a result of the face sharing of the SO 4 tetrahedra and CaO 6 octahedra in the most densely-packed structure. As the volume expands, the structure breaks cubic symmetry, reducing the energy ( Figure  2 ). This is demonstrated in the tetragonal I4 and orthorhombic Pcc2 phases, which have SO 4 and AlO 4 tetrahedra that only share edges and vertices with CaO x polyhedra ( Figure 3) . The higher stability of the Pcc2 phase relative to the I4 phase is attributed to a longer average Al-Ca distance (Table 3 and  Table S3 ). Application of the structural study to the analysis of a CSA cement. The refined orthorhombic structure was used to describe a commercial CSA cement which contained large amounts of yeelimite. 32 The chemical analysis of this cement (X-ray fluoresce data) was reported in that publication. Rietveld refinement strategy is detailed in supporting information. R F values from the Rietveld refinement of the Ca 4 [Al 6 O 12 ]SO 4 phase were 6.9% and 4.8% for the reported orthorhombic structure 13 and for that given here, respectively. Furthermore, the figure of merit for the whole pattern, R WP, was smaller for the structure reported here, 7.6%, than for that using the previously-reported 13 structure, 8.7%. The structure presented in the present study will allow more accurate mineralogical phase analysis of yeelimite-containing cements. The quantitative phase analyses results for this cement are given in Table S4 , also including ICSD collection codes for all the phases. The Rietveld plot, fitted using the refined yeelimite structure, is also given in Figure S1 . 
High-temperature phase transition.
A phase transition of yeelimite on heating was reported, although it has not been studied in detail. 21 We determine here the transition temperature using DSC and permittivity measurements (Figure 4) . From DSC, the phase transition takes place at 480 ºC on heating and at 470 ºC on cooling. The relatively small hysteresis obtained is likely a result of differences in the heating/cooling rate, particularly as the permittivity study identifies the phase transition at 470 ºC on heating. These results agree quite well with the reported value of 464ºC. 21 
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Heat Flow (mW) A thermodiffractometric LXRPD study, up to 800ºC, has been performed for yeelimite. Figure 5 shows the evolution of the patterns with temperature, in which some reflections have been labeled. Arrows in Figure 5 stand for the orthorhombic superstructure reflections that disappeared for temperatures above 470 ºC and they re-appeared on cooling. It must also be highlighted that a reflection appears at ~29º (2θ) which growths with temperature and it vanishes at 700ºC (star). This reflection corresponds to d 214 of crystalline calcite, CaCO 3 . Decomposition of calcium carbonate takes place slightly below 700ºC and the diffraction peaks of crystalline CaO appears (solid circle), which it is still present at final RT pattern, see Figure 5 .
The most interesting structural development in the thermodiffraction study is the appearance of a diffraction peak near 25.5 º (2θ) above 500 ºC (solid triangle). This peak is not accounted for by any crystalline phase within this chemical system and cannot be indexed by a commensurate supercell of the basic cubic sodalite substructure of Ca 4 [Al 6 O 12 ]SO 4 . Unfortunately a unique propagation vector cannot be determined from a single peak. For instance the propagation vectors k1=(v1 0 0) with v1=0.226(1), k2=(v2 v2 0) with v2=0.353(1), and k3=(v3 v3 v3) with v3=0.565(1) all predict a 2 1 1 reflection as the most intense satellite at the 25.5 º (2θ) position. Therefore, whilst we cannot report a unique propagation vector for the incommensurate structure, we note that structurallymodulated phases are relatively common in aluminate sodalities. We study in detail the low-to high-symmetry phase transition on heating, with a selected view of the thermodiffractometric study shown in Figure 6 . This figure clearly shows the transition of the orthorhombic (with a doubled unit cell) to a higher symmetry phase, the latter being likely pseudo-cubic or cubic. As discussed above, this high temperature (high-symmetry) yeelimite structure is likely incommensurate in nature due to the mismatch of disordered sulfate groups with the sodalite framework. This phase transition is likely related to that obtained in the theoretical study between the smaller-volume Pcc2 and larger-volume I4 phases.
Results showing the unit cell parameter(s) and volume obtained from Rietveld analysis of the HT-LXRPD patterns for the orthorhombic Pcc2 and cubic I43m phases as function of temperature are shown in Figure 7 . The cell parameters and volume for the low-temperature orthorhombic polymorph have been plotted as a o /√2, b o /√2, and V o /2 for ease comparison with cubic 'average' values. The crystal structure used to fit the higher-temperature cubic phase was derived from the I43m phase reported by Saalfeld and Depmeier, 11a with the I4 structure obtained from the DFT calculation providing a poorer description.
The unit cell parameter behavior observed during the phase transition is that expected for the evolution of a lowersymmetry phase due to long-range sulfate ordering to a higher-symmetry phase where sulfate anions display disorder, likely due to rotation. Further atomistic studies are needed to 6 fully characterize the local environment and anion arrangement in the higher-temperature structure. Figure S2 shows the Rietveld plot for yeelimite at 800 ºC as an example. We note that the fit is produced using an approximately-cubic I43m substructure that does not index the reflection observed at ~ 25.5º (2θ) (solid triangle in Figure 5 ). As this is an approximate average substructure, we do not report the atomic coordinates. 
CONCLUSION
The room-temperature crystal structure of stoichiometric yeelimite, Ca 4 [Al 6 O 12 ]SO 4 , has been studied by powder diffraction and atomistic calculations. Yeelimite √2a×√2a×a superstructure of the cubic average-structure of sodalite. Although the metric of yeelimite is tetragonal (a=b≠c within the errors of the measurements), both experimental and theoretical studies firmly establish a lower symmetry phase, very likely in the acentric orthorhombic Pcc2 space group. The pseudosymmetry of the yeelimite phases complicate an experimental structural study, a complication that we overcome by employing joint Rietveld refinement using neutron and X-ray powder diffraction in conjunction with soft chemical-constraints, allowing a good structural description for stoichiometric yeelimite to be obtained. Our experimental results are complemented by density functional theory calculations which determine several further structures, with the lowest energy structure the Pcc2 orthorhombic phase in agreement with our experimental result. Temperature-dependent X-ray powder diffraction, differential scanning calorimetry, and permittivity data indicate a phase transition at 470 ºC on heating from the lower temperature and symmetry phase to a higher-symmetry phase that is likely cubic or pseudo-cubic. Our X-ray powder diffraction results indicate that the crystal structure of the higher-temperature phase is probably incommensurate, with our theoretical study predicting a corresponding phase transition from orthorhombic to tetragonal, alongside the possibility of a pressure-induced phase transition. Finally, we show that the crystal structure of yeelimite that we report enables superior mineralogical phase analysis of a commercial calcium sulfoaluminate cement to that obtained using previously-reported structures.
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Description of the Rietveld refinement strategy for CSA cement analysis.
Final overall refined parameters were: phase scale factors, 36 background coefficients of a linear interpolation function included in GSAS software, zero-shift error, unit cell parameters for all the phases, pseudo-voigt peak shape parameters for all the phases with contents larger than 1.5 wt% and preferred orientation coefficient for gypsum along [0 1 0] axis using MarchDollase algorithm 1 . Table S4 . Rietveld quantitative phase analysis results for a commercial CSA cement using both the bibliographic and refined orthorhombic structure for yeelimite (reporting final Rietveld figures of merit). ICSD collection codes are also included. Figure S1 . Rietveld plot for the commercial CSA cement using this reported orthorhombic crystal structure for yeelimite, with peaks for a given phase labeled. Figure S2 . Rietveld plot for stoichiometric yeelimite at 800ºC. The average structure has been modeled in the cubic I43m space group. Inset shows a detail in the high-angle region. Figure S1 . Rietveld plot for the commercial CSA cement using the orthorhombic crystal structure for yeelimite (C 4 A 3 S in cement notation), with peaks for a given phase labeled. β-C 2 S stands for belite in cement notation. 
